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Abstract

The effects of gravity on the low velocity penetration

of a projectile into Ottawa Sand are investigated in this

study. A cylindrical aluminum projectile weighing 64.1 gm

is fired at velocities in the range 800-1500 cm/sec into a

bed of Ottawa Sand at gravity levels of 0.17, 0.38, 1.00,

A and 2.00 g. Maximum penetrations are compared at these

levels. An inverse relationship is found between maximum

penetration and gravity.

Terrestrial soil penetration equations are discussed

and comppred with the data from the experiment. A mefhod to

transform a terrestrial equation into an equation valid at

gravity levels in the range of the experiment is suggested.

Deceleration traces are produced by computer from-pene-

1 4 tration-time data that is fit with a least-squares poly-

nomial and mathematically differentiated. Double-peaked

curves result at all gravity ievels. Trends in properties

of'the curves are discussed.

Recommendations are made for further work in the area.

I;'
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GRAVITY EFFECTS ON LOW VELOCITY PENETRATION

OF A PROJECTILE INTO A COHESIONLESS MEDIUM

I. Introduction.

Low velocity penetration of projectiles into soil tar-

gets is interesting for several reasons. Early interest was

aroused by the invention of artillery and the subsequent

desire to protect men and structures with earth embankments.FModern interest has grown with the possibility that the soil
penetration event might be used to determine the in situ

properties of remote soils (Ref. 1,4,7,14,20,21,26,- The

remote penetrometer concept is considered applicable to

interplanetary soil testing (Ref. 20:2) but the effects- of

a different gravity on the theories involved have not yet

been experimentally demonstrated.

Purpose and Scope

The purpose of this investigation was to determine the

effects of gravity on the maximum penetration resulting from

a low velocityprojectile impacting a cohesionless soiI tar-

get. The choice of a cohesionless medium (Ottawa Sand) for

the target was made because this is perhaps the easiest soil

5to control in an experimental environment. The basic ex-

periment was designed to produce identical penetration

events over a range of gravities which included the values

0.17 g, 0.38 g, .1.00 g, and 2.00 g, where g is the magnitude

of gravitational-acceleration on the Earth.*

* g on the Earth is 981 cm/sec2, at 450 latitude and at sea
level

.1
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The ideal experiment would keep all other parameters

of penetration perfectly--constant while allowing gravity to

'4 arY. in a controlled manner. Any changes observed in the

,maximum penetrations from one g level to another could then

be attributed to the influence of gravity. A literature

search waa conducted to determine some parameters that were

-known functions of gravity, and extensive testing was done

in the laboratory to determine the effects that other param-

eters had on maximum penetration.

Gravity simulation was accomplished aboard a KC-135A

aircraft which flew controlled parabolic maneuvers (Ref.13).

Thedesired gravity simulation was attained over the top of

-these maheuvers and the level attained depended on parabolic

ebentricty. The use: of the air-craft placedstligent

limitations- on the design of the experiment which are out-

lih6d in Section IV of this paper. The basic limit was on

't e s,ize; o the bed of sand This, in tth, dictated the

:6rojecti emass and impact velocity that could be uued.

In these experiments a cy1indrial aluminum projectile

weigl.ng 64,1 grams was-fired at a velocity of from 800 to

150 cm/sec into the sand bed. The projectile Which was

Ilat-rnosed, had a length of 33 cm. and a diameter of 1.27

cm..

IPre-impact projectile velocities for the air-borne
e6xp*riments were determined by post-shot measurements made

on-successive frames of high-speed motion picture film.

Because these films were availabje, it was possible to

-2 -

. *
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determine penetration-time plots from them for each shot

fired.

Deceleration-time traces from other experiments are

available, for impacts in soil in a 1 g environment .(Ref. 4,

21,26) but possible effects of gravity on such traces have

> enot been experimentally demonstrated. In theory, a least-

squares polynomial fit could be made to the penetration-
t; time data of this experiment and the result twice-differen-

tiated to obtgain deceleration-time curves.

The usual procedure in other experiments had been to

Xplace accelerometers in the noses of projectiles and to

photograph an oscilloscope display of their response to

4; impact. The dedeleration-time plots thus obtained are in-

tegrated to obtain velocity-time and-penetration-time plots,.

4 In this experiment a more difficult method was used. Curves.

t were fitted to penetration-time data points and then twice

y differentiated to obtain deceleration time plots. The

method was unproven, but was used anyway because of the

lack of any such curves at gravity levels other than 1 g.

0; Method of Attack

~The report begins with a section on attempted deriva-

tions of soil-penetration equationse This is followed by a

discussion of soil properties that have been shown to be

functions of gravity. The experiment and its results are

presented in the next two sections. The final section con-

tains- conclusions drawn from the experimental results and

makes recommendations for further-work in the area.

I3
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II. Factors Affecting Soil-Penetration on Earth

A terrestrial soil-penetration is a function of many

variables. The number of variables is the greatest reason

Why no purely analytical solution to the problem is current-

ly available. Empirical solutions exist and the effects of

easily isolated variables are quite well known. The most

easily isolated variables are the characteristics of the

penetrator and the energy that the penetrator delivers to

the soil The Variables that are difficult t6 isolate and

conytroi are 'the properties of the target soil itself.

Historical Background

Semi-analytical Appr oaches. Early attempts at develop-

ihg sbil-penetration equations started with Newton's eqa-

ton of motion, in the form

Mg - F =Map (1)

wher M = mass of a projectile and the soil traveling

with it.

g aceleration-due to gravity

F = soil resistance force

ap= projectile acceleration

(ref. 28:2)

From this point, most early investigators neglected

the gravity force and the mass of soil traveling with the

projectile,and redefined Eq. (1) as

'4
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F = -M VdV (2)
P dz

where M was the mass of the projectile, V was velocity, and
p

z was the depth the projectile traveled into the target

The functional form of the soil resistance force -was

then assumed. Under the assumption that the soil target WaS

homogeneous mass, considerations of fluid, dynamic dragI yielded a resistance force (Ref. 7) of the form

F~~V cV2F =a + bV +v A-3)

where a, b, and c were constants. Various formulas for max-

imum penetration resulted from different assumptions about

the constants.

One of the most widely used equationsof this form was'

that of Jean Poncelet as discussed-by Young (Ref. 28). He

assumed a soil resistance force

F = fW(z)-f 2 (v) (4)

where fl(z) = kA
(A =2cross-sectional area)

f2 (V) = a + bV

in which a, b, and k were constants. The resulting equation,

for maximum penetration was

Pm W n I + bVo (
2Y(5

:1 . 3../ ,. .~,
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Where Pm = maximum penetration

-- W= projectile weight

Vo= impact velocity

Investigators have since worked with the Poncelet

equation in attempts to evaluate the constants for different

soils and soil cbnditions. In 1910, Petry (Ref 28) experi-

mentally evaluated the constants and developed an equation

that has since been used extensively. The equation was of

th& form

2v

Pm K lo [1 + VO (6)Pm-A lg0 215,00UJ

wher& K was a constant which-described the penetrability of

the s611 target.

A recent innovation to the form of the soil resistance

ftrc6was the assumption by H. J. Moore (Ref. 20) that the

torce was proportional to the confining pressure on the

Modre .developed an equation to predict maximum penetra-

tlon by integrating the resistance force, F = Kpgz, to a

depth, Pm' and equating the resulting work to the kinetic

energy of the projectile at impact. (sae Appendix E.) The

equation was

* Confining pressure varies wth depth, soil density, and
gravitational acceleration. It is defined by the expression

7P= pgz, where P is confining pressure, p is soil density,
and z is depth into the soil. (See Ref. 24:184"200.)

6

F .. _ _ ____.... ..
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P Kt tyI+ o (7)

where pP= projectile mass density

K'= a constant

{ L = projectile length

Moore's equation has been shown (Ref. 20:44) to -giv

good fit to a set of low velocity penetration data obtained,

by Sandia Laboratories (Ref 29).

The dependence 6n gravity and soil density, evident i

Moore's equation, was a change from the semi-analytical

equations previously discussed. The dependence on gravity

in these other equations was usually found in the weight of,

the projectile, while dependence on soil density was hidden

in the various constants.

Discussion. The thing that has prevented a completely

analytical solution to the problem has been lack of know-

ledge of the exact form of the soil resistance force. If

this form were known and if it Were integrable oyer the

depth of penetration, Eq. (1) would yield an exact solution.

(See Appendix E.)

Empirical Approaches. C. W. Young (Ref. 28) of Sandia

Laboratories has developed a completely empirical equation.

His basic assumption was that the correct form of the

equation was

Pm = fl(N) f2(A) r 3 (W) f4(V) f5 (S) (8)

7
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where N = projectile nose-performance

coefficient

SA- frontal area

W - projectile weight

V = velocity

S = soil constant or function

The results of more than 200 full-scale earth penetra-

tion tests were used by Young to evaluate the five functions

of Eq-. (8). The resulting equation was (for velocities less

than 200° feet per second)

m 0.53 SN Tin(o 2 -s

PM 2V 0- i (90
A

'Sol Properties. Little work has been done to isolate

cthe effects of specific soil properties on the penetration

p6ocesi. Nearly all existing equations lump soil proper-

ties'.Into a constant or function. The Moore equation (Eq.

(7)' ) is an ecample that shows explicit dependence on soil
density. An-equation attributed to Nara and Chem (Ref. 11)

shows dependence on both density and angle of internal

friction. This equation is

-mP = 1 n Pg N +o.6PgNRf + b -(2Ab q-M (10)
m 2Ab M

[A b pgN q +o.6pgy f + pgN P m
b qm

Where Rf= frontal radius of projectile

b a constant

8
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,NqNS bearing capacity facto's (functions

of angle of internal -riction)

Though it is not experimentally or analyticallY proven, ,

one must expect the shear modulus of a soil to .hdVe an-

effect on maximum penetration since the primary mode of

failure in soils is most oftenshear. This is especially

ttrue of granular soils (Ref. 22,.14).

The dynamic nature of the problem should make it de-

pendent on cbmprebsional and shear wave Velocities as we'll.

Conclusions. The following general conclusions can be-

stated:

I. Maximum penetration is proportional to projectile

mass and inversely proportional to cross-sectional

area.

2. Maximum penetration is proportlonai to the impact

velocity of the projectile,

3. Maximum penetration is inversely poOrtional to-

soil, density.

: 4. Maximum penetration is affected by the shapbe of

the nose of the projectile.

5. Maximum penetration can be related to different

soils through a constant or function which is dependent

on the properties of the soils. The soil properties

which make up this constant or function a±'e not com-

pletely known.

P.9
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.4IIM. 9Lavity Effects on Soil Properties

Soir 'properties -are the only parameters that will be*1al tered when -a penetration takes place at .a different gravi-] ,ty level. !rhe characteristics of the projectile are fixed,

and the. energy that the projectile brings to the target isI fixed (neglecting potential energy'). Changes in maximum
penetration can, therefore, be attributed to changes in the

'p1 pzoperties of -the soil. 'Some soil properties are 'known to
'beThtibns of gravity. They are discussed .in this sec-

tion.

-Shear S~treigth

,"The yield- strength of .A coh~sionless medium. is the

'sh eA3 trenzg-h off the. mater~ial -because shearIng is the pri-

mary ,mode 'of' failure. -The shear strength on any plane in a

c6feioiildess ,medium Is directly broportioh~al, to gravity

-Sheai' Modulud

The .ghear modulus Qf a material is dIefined as the ratio

;f hear stress to shear str~ain (Ref. 6:129). The 'shear

~17 modulus of Ottawa Sand has been shown (Ref 8) to be a func-

t on off gravity. Fi'gure 1, on the following page, Is a

graph._of the variation of-shear modulus with gravity for

Ottawa Sand from B.. 0. Hardin (Ref.8)

C0ompressional Wave Velocity

Compressional 'waves are developed in cohezionless media

'A" by penetration -events. They seem to be important to the

K, 10
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process (Ref. 3). Allen, Mayfield, and Morrison, in experi-

ments with Ottawa Sand, noted that the drag coefficient

changed abruptly as the velocity of the projectile in the

sand reached the compressional wave velocity'of the sur-

rounding matter. Th...s indicated two different regions of

p.enetration that were described by different equations. The

variation of compressional wave velocity with gravity (con-

'fining pressure) is shown in Figure 2 on the following page.

Velocities in this work remain below the compressional

wave veloity of the Ottawa Sand at all times.

Other properties of the sand are not expected to vary

With gravity. Mass density, water content, and void ratio

'cert4inly Will not. (See Appendix B).

Pr evibus Gravity Work

The effects of gravity on results in other experiments

involving dynamic-loading of cohesionless media have been

reviewed. The effects on simulated ireteorite impact craters

were studied by Smith and Franklin (Ref. 22). Moraski and

'Teal (Ref' 19) used deflagrating explosives to study crater-

ing in Ottawa Sand at different depths of burst over a range

o gravities. Victorov and Stepenov (Ref. 25) used acceler-

ated frames to vary gravity while studying cratering in

moist sand at 1, 25, 45, and 66 g. The results of the first

two-experiments gave a range of dependence which increased

as the scaled depth of burst of the explosive increased.

The dependence noted by Victorov and Stepenov was slightly

less.

12
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terFigure 3, page 15, is a log-log plot of crater diame-

ter versus gravity at a one inch scaled depth of burst as

determined by Moraski and Teal. The. range of slopes from

their experiment was from -0.11 to -0.16', varying with

scaled depth of burst.

Lynch and Higgins (Ref. 13). performed bearing capacity

tests on Ottawa Sand at varying gravity levels and found

that bearihg capacity increased with gravity. Their exper-

-iment used-'very small loading rates and may have been a

static6-loading: problem.

The Russians I. I. Cherkasov, et al (Ref. 5) discussed

the results,,of a soil penetrometer experiient aboard the
automatic lunar station Luna -3. They determined that pene-

tiationow6u:d, Increase With decreased gravity such that a

Penetromet6r would penetrate 1.7 t-imes deeper- on the lunar

surface than on, th'e earth.

14
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IV. Description of the Experiment

Based-primarily on the previous two sections of this

paper, an experiment was designed and performed to determine

the effects of gravity on maximum penetration in Ottawa

Sand. A general description of the experiment is given in

this section.

Materials

The primary material in the experiment was Density

Sand, CN-501, obtained from Soiltest Corporation, Evanston,

Iinhois. It was used as a representative cohesionless

medium because of its lack of moisture, its stable void

ratio, and--itacleanliness. These properties are detailed

aranid discussed in Appendix B.

Compressed air was used as the propellent to produce

impact velocities. It was stored in a standard 2000 psi

pressure o-tle.

Egqipment

A detailed descriptioh of all equipment is found in

Appendix C. It basically consisted of an air gun which

fired projectiles at measured velocities into a bed of sand.

Additidnal-equipment consisted of firing circuitry and

Velocity measurement systems.

The basic projectile configuration was an aluminum

cylinder with a flat nose. The basic impact velocity was

about 1300 cm/sec.

Gravity simulation was obtained aboard an aircraft

16
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which flew controlled parabolic maneuvers.

Test Aircraft. The aircraft used to provide gravity

simulation was a United States Air Force KC-135A, operated

by the Directorate of Flight Test, Aeronautical Systems

Division, Wright-Patterson AFB, Ohio. It flew parabolic

maneuvers during which the values of 0.17, 0.38, and 2.00 gV were attained with an accuracy of plus or minus 0.01 g.

r The average duration of the altered gravity condition was

about 30 sec, except for the 2.00 g maneuvers which lasted

about 10 seconds.

The requirements and limitations presented by this

i aircraft were large-ly responsible for the design of equip;-

ment and procedures.

The experimental package was limited in size by the

dimensions of the fuselage of the aircraft and the size of

the cargo hatch through which it had to be loaded.

Sand particles could not be allowed in any of the

electrical or mechanical equipment within the fuselage, so

4the target bed had to be completely contained. All equip-

ment and instrumentation had to be braced so that nothing

would tear loose under a load of 16.00 g along the roll

axis of the aircraft. Vibrations were present which re-

quired that the equipment be designed as simple and durable

as possible. Simplicity and durability were also important

Abecause the experimental package was transported to and

from the aircraft by a forklift.

It was important in these tests that the manipulative

17
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effort required of the experimenter be minimized. This was

Ubecause the parabolic maneuvers of the aircraft are diffi-

cult to adjust to and often produce nausea. Although one

becomes accustomed to the experience with-time, true comfort

is impossible. Thedetrimental effects on the experimenter

'of performing in an environment with rapidly changing g

values were anticipated and the experimental procedure was

:simplified as much as, possible.

Plywood Enclosure. Safety requirements dictated that

Sand particles could hot be allowed in the fuselage of the

aircraft. A plywood container for use in aircraft-borne

experiments had been constructed previously (Smith and

_Franklin, 1967' Moraski and Teal, 1965). The same container

-_wasadapted, for this work. It contained all -f the equip-

,rent with-the except-ion of the compressed air supply line,

gauges and valves;, he solenoid triggering circuit; and the

" camera equipment. (See Appendix C.)

-Air Gun-. The air gun used to fire the projectiles was

designed and constructed at the Air Force Institute of

Technology. (See.Appendix C ) It was basically a pressure

chamber that was sealed only when a projectile was held in

-the barrel.

Triggering was done electrically with the pull of a

solenoid. This method -was used because a nearly constant

trigger pull was needed for consistency in the velocities

produced at a given chamber pressure (Ref. 23).

Projectiles. The projectiles were cylindrical in

18
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general shape and were constructed from either aluminum bar

stock or tubing. Replaceable noses were made for each of

the projectiles, one flat and the other hemispherical.

Four basic configurations were thus possible and were desig-

nated Al-I-F, Al-l-R, Al-2-F, and AI-2-R. Al-I referred o

the heavier body (made from bar stock) and AI-2 referred to

the lighter body (made from tubing). The final F or R de"

noted the flat or the round nose. Al-i-F and Al-l-R weigh-

ed 90.9 gm. A1-2-F and Al-2-R weighed 64.1 gm.

Al-2-F proved to be the projectile which penetrated

the least at a given impact velocity in the laboratory.

For the remainder of this paper, references to the basic

proJectile will be references to the Al-2-F configuration.

Target Bed. The size of the box which held the sand
r

target was chosen to negate boundary effects. The tipper

limit on its size was the space available within-the enclos-

ing box, with reductions made for the space to be occupied

by the air gun and other equipment. The dimensions, were

determined during preliminary testing by trying sand beds

of graduated size. A small bed was penetrated initially

and progressively larger beds were tried until no apparent

change was observed in the maximum penetration of the

basic projectile at 1300 cm/sec. This occurred with a

cubical container that was 36 cm on each side. More pene-

tration was expected at lower gravities, so an arbitrary

factor was incorporated, bringing the dimensions of the box

up to 61 cm on each side.
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The container for the sand was made of plywood. It

was laid on the floor of the enclosing box and securely

braced.

Procedures and Conduct

Measurement of Impact Velocity. There were two methods

used to measure impact velocities. The simplest method re-

corded the time that the falling projectile shaded a photo

diode from a point light source. This time was used to cal-

culate an average velocity over a drop equal to the length

of the projectile.

The more complicated method used. high-speed photo-

graphy. The film speed was monitored to give a time base,

and a:grid was pre-exposed onto eachframe of .film for a

distance scale.

The results of the two methods were compared and found

to give approximately equal velocities. The methods were

incompatible because of the intense lighting required for

the high-speed camera and could not be used together. How-

ever, given pressure settings produced equal velocities as

measured-by the two methods.

The photo diode method was used for nearly all of the

preliminary laboratory testing. The high-speed camera was

iused' for all tests aboard the aircraft.

Measurement of M4aximum Penetration. Maximum penetra-

tion was measured in two ways. One method was used on all

tests. It used a scale graduated in millimeters to deter-

mixie how much of the projectile remained above the surface
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of the sand after penetration was complete.

When high-speed photography was t~stid to measure im iact.

velocity, the penetration could be read directly from the

exposed film by noting the positions in the grid of the back

t of the projectile at impact and when penetration was com-

plete. M&ximum penetration was the difference between the

two positions, since the projectile was assumed not to de-

form during the event.

When measuremeints were made for the same shot with,

both methods, values were never found to vary more than 0.25

cm.

Preliminary Testing. Extensive ground test~ing was

done to determine the optimum containei size tor the t~ka t

bed, the maximum velocity that could be stopped by this-

container size, chamber pressure-velocity curves for the

r air gun, the best method of target preparation, and the

effects on maximum penetration caused by varying certain

parameters at 1.00 g in the laboratory.

Calculations showed that the two feet of free fal of

the projectile at different gravity levels would nbt cause,

the impact velocity to vary appreciably.- Since this was

the case it was possible to get an almost con3tant impact

velocity over a series of impacts by only nce adjusting

the pressure in the gun chamber to a predetermined value.

Tests by other persons (Ref. 17) had indicated that

target preparation was extremely important for consistent

data. Each penetration caused a crater to form and greatly

21



GSF/MC/69-6

disturbed the sand around the impact point. To prepare the

target bed for the next shot, it was found that the follow-

Ing procedure gave the best results:

1. The projectile was taken out of the sand.

2. 'The crater which remained was filled with fresh

sand, piled to a height of about 10 cm above the normal

surface of the sand bed.

3. 'Xhe mound of sand was slapped and remounded 25

timeS with a flat aluminum striking plate.

4. The surface was scraped level.

-Since a great deal of vibration was known to exist

aboard' the aircraft (Ref 22), and since vibrations would

tend t6 settle the sand bed to its densest state, this

densest state was the goal'of the procedure described above.

The density of the sand was not expected to change more

than five percent (see Appendix B), but the effect of such

a change on the dynamic properties which were known func-Iions of density (Section III) was not certain.
T-ime had'to be conserved aboard the aircraft because

of the expense involved in flying and the difficulties

encountered in trying to schedule flying time. A definite

sequence of tasks was developed and practiced on the ground

for this reason. All camera related tasks were assigned to

a photographic assistant. Preparation of the air gun, pro-

jectiles, and sand bed was divided into the following task.

which were performed by the author:

1. The target bed was prepared and leveled.
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2. The projectile was chambered in the air gun.

3. The sequence card was placed in thecard clip to - '

identify the next shot. Information of .the ncard In'

cluded the projectile7, the chamber pressure, the

gravity level, and the sequence number.

4. The pressure chamber was charged to the correct

pressure and the shut-off valve was closed.

5. The box was shut and the access door latched.

6. The firing cycle was initiated.

7. When the firing cycle was complete, th3 door was

opened and the penetration was measured with the scael.

8. The routine was repeated from step 1.

In the. laboratory, the procedure required abouc three

ivinute5 to eomplete. This was less than the time'It took

the photographic assistant to clean and reload the camera.

Total time for one shot in the laboratory was therefore

about five minutes.

The same basic procedure was followed aboard the -air-

craft. The only important addition resulted from the fact

that the aircraft commander monitored the accelerometers in

Fthe cockpit and had to inform the researchers in the bapk
{ when the gravity level had been reached. He did this by

giving the comand, "Release", over the internal communica-

tions system. Step 6, triggering of the firing cycle, was

A held until this command was heard.

Aircrift Environment. The cabin pressure in the air-

craft was kept at about 634 mm Hg. This was the same for
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all flights. Some lag existed during the parabolic maneu-

vers but is probably insignificant and is neglected in

this report. The temperature in the cabin was kept at

approximately 60 degrees Fahrenheit.

Because of the difference in ambient pressure between

t he aircraft and the laboratory, a niumber of shots were

fired in level flight for comparison with the laboratory

tests. The inaccuracies resulting from the lack of precise

control of gravity in level flight are ignored.

Quantity of Data. A total of 105 penetrations were

recorded at 1.00 g, 7 in level flight, and 98 in the labora-

,tory. 27 usable shots were fired aboard the aircraft at

different gravity, levels'.

Al of the data at 0.38 g was taken on the first

flight., Data at 0.47; and 2.00 g-were taken on the three

following flights. Shots in level flight were fired or.

each flight. The data fr~om all recorded penetrations are

tabulated in Appendix A.
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V. Presentation and Discussion of Results

In this section, the results of the experimeht arepre-

sented and discussed. The three phases, in order of appear-

ance, are laboratory test results, gravity test results,,

and deceleration-time curve results.

Laboratory Test Results

Testing was done in the laboratory .o learn as much a9

L possible about the soil penetration event. Many shots were

fired only to help in organizing the work to be done aboard

the aircraft. Most of these shots were spent in the devel-

opment of a procedure for repairing craters in the sandbed

(Section IV). Others were used to obtain chamber pressure-

velocity curves for the air gun. (See Appendix C.)

Data on both maximum penetration and impact velocity

were taken for 105 shots at the 1.00 ggravity level, 98 in

the laboratory, and 7 in level flight aboard the aircraft.

14 shots at 1.00 g were recorded on high-speed film.

There seemed to be a significant difference between

the sample means of the maximum penetrations in the labora-

tory and the maximum penetrations in level flight. The

sample mean of the laboratory penetrations with the basic

projectile configuration at an impact velocity of 1300 1m/

sec was 11.9 cm with a standard deviation of 1.50. For

this reason, the 7 shots at 1.00 g in level flight were
used. exclusively for comparison with shots fired at the

different gravity levels obtained in flight.
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The difference noted between laboratory and level-

flight penetrations can possibly be explained by listing

the variations in experimental environment. The most

obvious difference was in ambient pressures. The cabin

pressure maintained aboarr. the aircraft was less than lab-

"Dratory ambient pressure by about 120 mm Hg. The confining

pressure on a soil element at a given depth in a bed of

cohesionless sand will be a function of the pressure at the

surface of the bed. The effects of confining pressure on

dynamic ,soil properties have been indicated in a previous

section. Reduced ambient pressure would imply reduced con-

fining pressureand penetrations would be expected to

Ii6rease It is doubtful, howeveri that such a small de-

.rease in ambient pressure would be enough to cause the

differences in penetration observed in this work.

Changes in the void ratio of the target bed could

definitely have occurred between the laboratory and the

aircraft, but the changes should have densified the sand

and caused less penetration.

Level flight in the aircraft cannot be a controlled

gravity maneuver, and it is conceivable that slight pockets

of' less dense air were encountered by the aircraft during

the shots. Such pockets would cause the aircraft to drop

and produce a condition of lowered gravity.

All measurements of impact velocity were made from

high-speed film for the shots aboard the aircraft, but the

majority of laboratory velocities were measured with the

26
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photo diode circuit. There may have been a consistent

difference in impact velocities that was not noticeable in

the two measurement systems.

In the laboratory, the characteristics of the projeq-

tile and the impact velocity were varied in attempting to

correlate observed maximum penetrations with the predic-

tions of existing equations.

E Nose-Performance Coefficients. The change in maximum

penetration between a flat-headed and a round-headed projec-

tile, with all other parameters held constant, was found to

be different than was predicted by Young (Ref. 28:16).

Young determined a factor of 0.56 for a flat-headed projec-

tile and 0.72 for a round headed projectile, based on a

bullet-shaped, 9.0 CRH tangent ogive nose with a value of

1.00.

Shots 54 through 73, in Table IV, Appendix A., were

used specifically to check this variation. The mean pene-

tration of Al-2-R in shots 54 through 63 was 12.3 cm, that

of Al-2-F in shots 64 through 73 was 11.5 cm. Assuming

that all other parameters in the Young equation were con-

stant, the soil constant required that the nose-performance

coefficients for the flat-headed and round-headed projec-

tiles be 0.60 and 0.65 respectively.

The data from which Young extracted his values was

from penetrations with projectiles three inches in diameter,

much larger than the diameter of Al-2-R and Al-2-F. The

importance of differences in nose shape seems to decrease
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as the body diameter of the projectile decreases.

'Soil Constants. The soil constants for the Petry,

Moore, and Young equations (Eqs. (6), (7), and (9) ) were

determined from the observed penetrations of the basic

piojectile at an impact velocity of 1250 cm/sec. Each

;equation was forced to predict the sample mean of 11.9 cm

with all parameters except the soil constant either known

or assumed. The constants were the following:

Petry -K = 0.281 (cm'gm)
1

Moore -K' = 0.0017(sec/cm 2)

Young -S = 1.70 (dimensionless)

The Nara equation (Eq. (10)' was also solved for the

value of it: constant u sing the same data-. Solution by

computer was, required, and the value of b was found to be

0. 001 gm/cm3.

With these values of the soil constants, the-equations

were plotted over a range of impact velocities and the data

jrom shots 31 -through- 53 were plotted against the resulting
cu rves. The graphs are found in Figures 4, 5, 6, and 7 on

the following four pages. Shots 31 through 53 include data

from both Al-l-F and Al-2-F penetrations. They differ cnly

in projectile mass, so curves for each mass are drawn for

each of the four equations.

Gravity Testing

In the section on laboratory testing, it was pointed

out that a difference was noted between the maximum

28
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penetrations of 1.00 g shots with the basic projectile in-

the laboratory and 1.00 g shots with the same projectile

during level flight. 1.00 g shots, 1 through 7 only, are

included in this section. In this way, the factors that

caused the difference in penetration should act on each

shot aboard the aircraft and not mask variations due to

gravity,

Cratering. A crater was formed in the sand with each

penetration. Although measurements were not made, crater

dimensions seemed to increase with decreasing gravity. The

high-speed films showed that the crater in each shot did

not begin to form immediately at impact, but that formation

was delayed a significant time. It appeared: that the pro:

jectile had nearly come to rest before a noticeable amount

of ejecta was thrown from the forming crater.

Maximum Penetration'Versus Gravit- Level. Time and

scheduling difficulties restricted the amount of data that

could be taken at different levels of gravity aboard the

aircraft. For this reason, the basic projectile, Al-2-F,

at an impact velocity of 1300 cm/sec was the only arrange-

ment that was tested at each gravity level enough times to

draw statistical conclusions about the resulting penetra-

tions. The following table is a collection of the penetra-

tions used to obtain results indicated in this section:
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TABLE I

Maximum-Penetration vs Gravity Level

(A1-2-F, 1300 cm/sec)

GRAVITY NUMBER RANGE MEAN STANDARD
OF (Pm)

LEVEL SHOTS (cm) (cm) DEVIATION

2.00 g 8 10.9-16.5 13.2 2.1

1.00 g 6 12.4-16.0 14.6 1.5

0.38 g 10 15.5-16.7 15.9 0.3

0.17 g 8 17.7-19.3 18.6 0.5

A least. squares fit was made to the data from Table I

after the data: was plotted on log-log graph paper. The

gaph is, shown in Figure 8 on the following page. The slope

-ftthe straight line fit-was 0.14, identical to the results

obtained:by Smith and Franklin and by Moraski and Teal for

a one inch depth-of-burst (Ref 10).

The equations of Petry, Moore, Young and Nara were

compared to the observed penetrations. The equations of

Petry and Young bad gravity dependence only in the weight

of the projectile. This simple prediction was obviously in

@rror and the two equations were not plotted against the

data. The equations of Moore and Nara showed an inverse

dependence on gravity. They were plotted against the data

of Table I. The graphs are found in. Figures 9 and 10 on

page 36. In these plots, the soil constants determined in

the previous section are assumed independent of gravity and
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used to calculate the predicted values over the range of

gravities.

"L'ime-to-Complete Penetration vs Gravity. The high-

speed photography method of measuring impact velocity

allowed measurement of the time spent by the projectile

traveling in the bed of sand. This time was defined a-t m .

A variation of tm with gravity was noted when the follo0ing

table of mean time-to-complete-penetration versus gravity

was construct

kTABLE II

Time-to-Complete-Penetration vs Gravity

(Al-2-F, 1300 cm/sec)

GRAVITY t

(g), (msec)

2.00 16.86

1.00 24.70

0.38 27.99

0.17 32.78

The data of Table II was plotted on semi-logarithmic

F graph paper (Figure 11, page 38) and found to fit a straight

line determined by the least squares method. The intercept

and slope of this line were used to develop an expre.ssion

for tm as a function of gravity. The expression was

tm =33.7e-'34g
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which indicates a definite relationship between gravity and

the time required to stop a projectile penetrating a cohe-

sionless medium.

Maximum Penetration vs 2ime-to-Complete-Penetratlon.

P. was plotted against tm for each shot for which both were

determined. The graph is shown in Figure 12, page 38. The
*first-order least squares fit to the plotted data gave a

slope and intercept which dictated a relationship. of the

form

Pm = 9.02e'2ltm (12)

which indicated a relationship between maximum penetration

and the time it takes a projectile to reach maximum pene-

tration in a cohesionless medium.

Maximum Penetration Scaling Law. Equations (11) and

(12) were combined by equating tm and Em. The result was

a relationship between Pm and g of the form

-. 34ug

Sm = 9.02L " e  (13)

Eq. (13) predicts the values of maximum penetration

determined by this experiment for the conditions under

which it was conducted. It is a gravity scaling law but

may have greater usefulness.. Replacement of the numerical

factors, which apply to this experiment, with undetermined

constants might lead to a more general equation for maximum
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penetration.

One use of the relationship was investigated. Based

'on'the assumption that t and, hence, Eq. (11) were inde-

pendent of at least impact velocity, a method was devised

bywhich an existing penetration equation could be caused

A o agree with the gravity dependence observed in this ex-

periment.

The assumption that tm Was independent of impact veloc-

ity was upheld by a plot of these variables which was made

for eachshot for which they both were determined. This

plot is shown in Figure 13i on the following page. Further

:support was obtained in a conversation with Dr. H. J. Moore

(Ref. 18) who had knowledge of at uncompleted work that had

Shown the same intermediate result.

-The soil constant or function was the thing that- was

expectejd to change in a different gravity field, so a logi-

cal method of approach was to make the constant that appear-

ed in an existing equation a function ofrgravity.

An example is perhaps the best way to show the pro-

cedure involved. Moore's equation can be modified in the

following way:

1. The existing dependence on gravity is treated as

a terrestrial constant (unity). Projectile weight thus

becomes mass.

2. Eq. (13) is rewritten as

Pm = PoS#G(g) (14)
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where Po is Moore's equation (Eq. (7)) divided by

the soil constant K'. G(g) is the expression

341g

e" 7 e "  (15)

which is shown plotted in Figure 14 on page 43.

S'G(g) is the modified soil function.

2. The value of S' is determined by equating K' and

Std(g) at Earth gravity. The value of S' for Moore's

equation is 0.00105.

3. S'G(g) is substituted for K' in the original

equation. The modified Moore equation becomes

P m' (L)
= S'G(g) V (16)

A plot of the modified Moore equation is shown in

Figure 15 on page 44.

The method can be applied to any existing soil-penetra-

tion equation unles the soil constant cannot be isolated.

An equation modified in this way is good, however, only

under the conditions which applied to the experiment.

Further applications may or may not be possible.

Deceleration Traces

Distance-time data were obtained from the high-speed

films by recording the position of the back end of the

projectile in every other frame from impact until penetra-

tion was complete. (See Appendix D.) Every other frame
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gave an elapsed time o. 0.62 msec between readings. The

number of data points per event varied from 35 to 60 de-

,. pending on the magnitude of tm -

To obtain deceleration-time curves, a ldast squares

'. polynomial fit was made to the distance-time data, and the

resulting expression double-differentiated. Polynomials

from order I to order 10 were fitted to each set of data by

a computer, and the best fit in terms of root-mean-siluare

residue was noted.

The fits became increasingly better with increasing

polynomial order, but computer plots of the polynomials

t showed that from order 7 to order 10 the functions were not

monotonically increasing at high values of time. Such

curves were felt to be unrealistic because no bouncing ofLthe projectile during penetration had ever been observed.
f In all cases, the sixth-order polynomial fit had the least

residue and was chosen as the best depiction of the actual

function.

Further support for a sixth-order polynomial fit came

from the computer-produced plots of the double-differen-

tiated functions. Double-peaked curves were produced in

all cases. This general shape agreed with the curves pro-

duced from low velocity penetrations into Ottawa Sand by

previous investigators (Ref. 21, 26). Samples of such

curves are found in Figure 16, on the following page.

Four shots, one at each gravity level, Were chosen

for their nearness to the sample mean values of Pm and tm .
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The distance-time data from all four shots was normalized

to the forms P/Pm and t/tm and plotted on one graph.. The

graph is shown in Figure 17 on page 48. There was no,

apparent trend in this piot- This gave support to-the

choice of one:functional form (the sixth-order polvnomia;),

for the distance-time expression at, all gravity levels.

A computer program was written to produce- sixth-oidei '

polynomials of best fit from the distance-tiMe data of

every shot fired for which high-speed films were available.

The program would also double-differentiate the polynomial

when desired, and produce a continuous plot of the function .

IIt plotted all data points on the plot of the distance-time

polynomal. The progrsm can be found in Appendix F.

Analysis of the Deceleration Curves. Two basic curves

were generated, They were designated Type I and Type If.

Type I curves had the first peak deceleration at impact,

and the Type II curves took some time-to reach it. The'

following parameters were defined and read from each curve:

tI = time to reach first peak (msec)

aI = magnitude of first peak (g)

v = time to reach minimum between peaks (msec)

av minimum between peaks (g)

t= time to reach second peak (msec)

a2 = magnitude of second peak (g)

Thirteen Type I and twelve Type II curves were pro.-

duced. At least one curve of each type was generated from

the data of each gravity level. Figures 18 through 33 on

47
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pages )49 thlro..gh 64~ are examplp~s opf each typ-e of co ?,e rVeach 3graVi~ level. The .c!4rve :Tara me-s dae~aua.

4 Tables IIand \YYII -in. Apppndi~c A,

The fo.11oW-4ng trenas wAxe %Qb4ei'ved In the aveijk&s o

*the parairpters at ,differeyjt jgrav~t levels::

* A, Type I Ctrves

1. t a zr,~ ~sap~3

and t2wus aboput .67,' ox t -At allfour opf t

2 V _ increased slgty rp 4ceasing -

3, 2 Xas PdarlY Pnstant over the vTange 6of

B., Type II ,Curvejs

S Wag _M*Arly rqnstant 9z~ev _ath ixa~~ ge,

t1t increaspa ,witb :increa6,ing gz'ai,.

2. -T -was abouit 5.0% -of _t and t2 About ,6% ,of F

at all g ra vty Ylee1s.

~-~lincreased -,wIth in,6iee ;Ig jgravt'y.

av* *a inpr~eaped wiith, Ancreas.inf gr.Avity

a5 i incx'eased with incr~easi-g. gravi-y,.

'Geperally, the 4ecel ra-tign_-tim C.Urvoz are qu--,jita'4

tively like those th a e b4j eUOPd elsewhere -with

accelerometers.. 9QantitatiNelY they -are Incorrect lmn,60me

important ws The cuvsdo nlot stgpt at imppct W#t

zero, deoeleration arnd hVreeclrto dops ;jot go to zero

at ~ Anegatiye -~eea-ion -at -Imp-aej -z posil-

though apsuned npgligi U In other areas of -thjis work.
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Zgr~o dgpIorat;-pn At -tbp e nd -o ,the .eyent s ~a def~litei

The ,exp.anat4-pi, qe',rs inx Ith ,ry.~ps Amu's ,n4

4~ least -tlwo g.onsIdp3ati;2ns.. -Th -f-irst :ip ,tke zp.adiqg errox

:jnu.flve~~1a -i~mn pb ,lniq -,te ipnpj ~~e-lme ata. ,~ secfnd

psc~urpp 6 rt epr, xnmrp~ e~~ain~az itr'ie~d. 1,he

} t)ii e -ddn-p Lpxs
_gIextr. tqwvr, dt eul-

JtI
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,V. Conclusions and lRecommendattlons

Terre sitr-ia :Penet-rat ±or :Thtpo hesionfc-t-s Imedla

Thbe T,_allpyi4g cpnclusi-ohs car, -.br dawti 1from Lth-e zr-

jsults o~ this exp-einim.n~t.:

ii. - The pi cpnsiLax fr'tuniisU %tjhp !2es 6tA5

~taric~e ~prc~e -,ou~ld ,ytldI ar axact tsO~uLn~o

_3.. .Thp~ jnps61s.hape ,qf tboh pxqj-ectIa.e afecjts the Imax~l-

:mt~l r ti-.,th~Jat; -;w~il xsolt lrom Amrpactn~ a

of nc~se-4bap-6 A1s gr~ater %~or X Ae pr

;body ol4m~er;.

ind~cae ',thatXQ -sg mp.-j-,ic~a equat,,Loh cis -the tbogt.

P-it -top the q)Dspryied 'pentrazlons pof ihbs -e;petriment.-

'The depenOes qon :i-mac ,v-eloity, :and ipr.ect;Uia

mas.s tare boest desjcrlbed *ky Xgung"ls equatioxi in ,the

,ranges cpver,!d (y tisecprnet. Moe. ~ e4uaI49.n

-is th be -serrni-- analytieal eguatl-oA of -,the -three

dospribod .in thiis ,work..

je ~ Gravity -Effects

.The :fl~oll ,enl-son antbe dlrawn -rom thisI experiment::
1.. An inverse rel.ations~hip) exists between maximum

$17
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:penetration and gravity.

2.. Thie soil constanits of terrestrial soili-ptanetration

~equations *are -functions of gravity.. They can be 1modi~-

T-ie.kd iy ,a Tfunct-In, 'G(O), so -that the e-quations agree

w,:th ithe reswlt.s of -this experiment in the range of~

jga-, . 1eyeizLs and impait .voer.Ijcties that -was investi-

tgatea.

-3.. At 11-,. g., tj t;Lk-tj- o Lee:~ea iIs A

meiry iweak unct~Ipn of' impact ,velocityx 'and may be as sum-

.~a inep~ndant~of~rpa ut ve ,Ioci ty qv~er tthe a age o 7I .,veULoc.1-it*s ._otf ithl, -xork..

AtAf ,1nv_exse xe~llat~lpnshij lEtxists ,between tlme-to-

;Ded.61eatIon-Time ,CurvesI ~No 4eflnitp tcmncluions ,,can ,be Axraan fVrpm -t-he resui-ts

.0f tthe .depjeaexiAjtjp.n-t.Ie kcurxes -,;ha.t kwer.e developed in -this

Iper.,. 'The -trnends -,that .iwer~e not-ed .1n -,the res~rlt.s sectiQn

* ,of thUL -pa~ arje wya~lid L1n -that; -.thfy dIescribed -the -.varia-

~ os o he~vrae ~r~-parametor~s over the ;gravity

zraqge,. The erxoxrs in the -=rves and -the method in %which

I they w.re prodiced make cQnc..usIons wxithout further inves-

ltigation hazarsdQus.

-General. aocluslons

The ~similarity of -the grav;Lt-y dependences -found in

ip~voswrsmgtb~infcn. ntepeiul
I68
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described work of Smi-th .and Franklin,, the :amourxt of ,energy,

that was input to ,the Q.tawa Sand ,was approx mate ,y °TO °

-ergs per detonation,. The :axerage input of this experiment

was 2108 ergs per impact.. The ,real ,dTifUerence.a 'in th& ex-

periments were dff'erences In ljoading irate.. '.The conc_usion

can perhaps .be drawn that loading -rate does no~t s gnii-

.cany affect the gravity-dependent., dynamic :px~oerties cof

cohesion'!ess media.

The previously descr-bad exper.ment of y, nch rand

I Higgins (Ref. 1 3) was -perhaps a s-atic _probiem '(change of

bearing capacity of ,cohesion'less media with gravity) An

which the bearIng c.apacl-ty .was :fo.und dix.ectqy ipnqpor..tIonal

to gravity,. The dIfference between -.this work and the %o.therus
is., !pexhaps., that compresisonal -and shear waves ,were ,not

set .up in the sand durIng the -e.vent.. This., along ,wizth the

evidence -of Allen, Mayfield,, :and ,Morrison., Ref.. .2j) _ini-
cates that the gravity -effects 'on shear and :.om pr.essuional

wave velocitie5 -might be ,of omajor -Importanc.e Ito -the overl

gravity ,effe_.t observ.ed in -the dynamic experiments..

SRecommendations

I.. Y ,rther '.,ork in 7solil-FenetratIon 'shou.d be 0a:lme.d

at ff.nding the exact iorn: of the xol xesistance _ifforc_-

and the soJl properties of which At .is composed..

2. More investigation should be done on 'the 'varlation

of deceleration-time traces with gravity,

3. The effects of gravity on low velocity penetration

6o
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into other types of soil should be investigated.

4. Higher penetration velocities should be investi-

gated with emphasis on the range uf velocities that is

near or above the compressional wave -elocity of the

target medium.

I0
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Appendix A

Tabulated Raw Data

The following pages contain tabulated raw data from

both the laboratory and flight phases of the experiment.

The sequence numbers apply to shots at a given gravity

level. They are chronological within each level.

$j

7

.5 -

- . f

ii "7
J714

19,t "* - ,
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TABLE III

Penetration Data: 2.00 EL

(Ottawa Sand)

SEQUENCE PROJECTILE Vo  Pm tm

711 NUMBER (cm/sec)__ (cm) (msec)

1 Al-2-F 1371 12.1 18.30

[ 2 1371 11.6 14.88

3 " 1331 10.9 16.12

4" 1277 11.0 14.88

5 1344 16.5 25.42t 6 " 1424 16.5 25.42

7 1387 14.7 21.70

8 1408 15.3 23.56

9 " 1177 15.5 28.04

10 1280 13.7 21.70

7

i.
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TABLE IV

Penetration Data: 1.00

(Ottawa Sand)

SEQUENCE PROJECTILE V Pm tm

NUMBER (cm/sec) (cm) (msec)

1* AI-2-F 1312 13.4 21.08

2* 1248 12.4 19.84

3* 1390 16.4 27.90

4* 1315 16.0 29.76

5i 1395 16,0 26.04

6* [ ' 1376 14.7 23.56

7* Al-i-F 1277 13.3 18.60

8 A1-2-F 937 11.7 25.90

9" 895 10.7 24.60

10 937 9.9 22.10

1i . 1250 11.3 20.50

12 1125 11.8 20.50

13 1365 12.5 20.80

14" 1375 12.9 22.10

= fired in level flight
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'TABLE IV (c.cnt .

' " (tm not al-ailable:)

SEQUENCE PROJECTILE V P-

NUMBER (cm/sec')

15 AI-2-R 1,140'

16 1290 25.1l

!7 " 1500 16.0-

18 1690 -7.3

' 19 AI-2-F 1120 14 . -

20 129,o 14.6

21 " 1500 15 -7

22 " 2620 16 0o

23 A1-2-R 945 -5.9

24 1100 16.2

25 127-0 26,.8

26 -1410 28.3

j 27 Al-I-F 930 14.5

-28 1 0810 15,4

29 1240 16.4

30 1380 17.3

31 A1-2-F 847 14,.6

32 " 837 11.7

33 " 1140 12.0

34 " 1140 22.2

35 1270 12.9

36 " 1270 13.4
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TABLE IV ,(cont.)

SEQUENCE PROJEC.TILE IV P

yuMBER (mso (m)) ~4E ,A2'.-2-F 1:,.0 1'4.4

38 1147.o 14.49

,309, A'IJ-F 948 -14-3

,4.0" 9143 13.6

4:. - 930 13..2

'11 12 4,o i3- 4

-11-20 :1 3 ,8
1 '4 " 13P 11144o

.. 1 5 1" 210 h14.:8

46- _':2225 15.:2-

148. l->?'30

.49 930 13,6

50, 93P 1-3*
51 AI-2-F 835 2-1.,,5

.5, "1 .2Q 11il.6

53 1270 '12, 0

54 At-2-R 1320 12.2

55 2330 12.3

56 1330 12.3
57 1320 12.3

-58 " 1320 32.3

59 1320 12..3

60 " 1330 12.4

78
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TABLE .1-V bc ~t,

:SEQUENICE ^PRQJ0T1$ v !P

.. ..__ /= _ .- cn..P . -,

2 2.

13 2-0 .1220.

63 :13.3-3:0- _.

6.6 "'1340 1:113
I I 20 I:.1_

68 -.330

69i-i.',

7 :1' 1320 I at6

.7: '2330 ,. .

7.0 : 2.0 j 2

72

78- !-24b 3-. :2
82-2 'R 12

,83 " -Z5o 23'..,2

f 76 j: 240
'77 I 3

T.8 j.2A14D 22z

,84 1250 11. 7

79
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TABLE IV i(cont.)

;SEQU.ENCR !PROJECTI-E 0 I
:NU!BER cms.' (m)

A85 AS'-U 11250 1-i.,,6

,'8 I 125-0 II T1.

.79 1 250

'52 1 124.0 215-00

193. 11230 ~ 5..

94 1220 1kB

9.5 :~12202!.6

96 2,220 14 (

97 'hI123.0 I 144.5

, IO T25.0 22 7

,1102 3:27,02,

103 - 1122.4

105 2260 260

j 80
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TABLE *v

T-bntratlon ;Data,: -'-8j

'(Ottawa ZSand)

~SEQUENCE PJEC-TE'IiEi

NUMBER e&) -cm.) ((msec

, II !A-.2-F , .. 22 .8.

,2:2,77 154S3 '" 'T.,T' :5.525,.2 i

-4 'a6 ...5.6 25.6762

5 "277 15.-D y,,6"2

(69 a" 2g,.6,.(o A26,77o ia r 28.2

3P77

'6I -.. A 8.2; € --- 1 "
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TABLE VI

Penetration DatA-: .17_ EL

SEQENCE IPR0JECti'LE -40  -P

NUMBER (cne) i~)(msec),

I. A-2-F 1~53, 8. 30.7P

139,5- I 17.7341
13~ ' - * 18..5 31t'. 36

at 1.3118.9 31. 00

9 Jo ~ '.3 593..

10' ,T? 4 .6' k 1. 37
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TABLE VII

Deceleration-curve. Parameters,

Type I Curves

SEQUENCE aI  tv  av 2  a2  tm

NUMBER (g) (msec) (g) (msec) (g) (msec.).

o.17 g

1 110 10.5 25 21.5 53 30.70

3 140 11.0 30 20.0 38 34.36

4 165 9.5 27 18.0 37 31.00

5 70 14.0 33 23.0 36 35.96

6 52 15.5 30 27.0 36 34..72

0.38

1 170 11.5 33 21.0 4 j 24490

4 145 9.0 32 17.5 47 25'.W4"2,

6 53 6.5 42 17.0 47 27.90: -

10 145 10.0 24 20.0 42 32.24

1.00 g F"
3 190 9.5 42 16.0 46 , 27;9,

4 198 9.5 28 16.0 38 29,-.76,

2.00 g

5 120 9.5 39 17.0 44 25.42

7 103 10.5 37 18.5 45 25.42:
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TABLE X,

'4Tye TII ire s

t

NUMBER ~ rsc ~ 1(~e)()J ne)1ie

-3 - -5

[ '74~ 126 3ii.5 r67, 2 i.5 29

~ I- 45 0 -3 6 2-3 285~

t9 4! 'o ;256

15 16.--0
'~ 77 1.5453Z3,,519 '8
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Appendix B

Properties of th& Target, Med-ium

The cohesionless' medium used in the 'epeiment was

obtained fr~jm Soiltest Corporation, EVdnston~ Ilii ji

was trademarked Density Sand, CH"50l:- but is, bette'r ko

as Flint Shot or Ottawa Sand. Some propertie's of:*his!

medium are given in the following paRges.

Particle Size

-Mechanical analysis is a method by w hic h the partile

size-distribution of a granular soil1 can. be detej'iuined.

Analyses o.f seve'ral gamples of-the tat'get medium --showedi

that 99,t by weight-passed the U.S. Standard 1eVe. ldnube'-

20- and. 07,4{% by weight was retained on the- z S, 'tahd_d
Sieve, Nutmber 40. this. imij lied that 987 b~wihtofth

same, barticles we~e' between the--limits 0'f k'.'14 &nd' 2.0 z

in diameter. N' typical graIn site df~tribution.' Itzv aHshown in, Figure 314 on the following ~pa. 'Ti6- diztribt- .
So n Yielded, the following grain- slize, elassif icadion~,

- ~- cefficIens S.-

Coerfi!P'ent of Uni*mity.. .. l33

Coe -1ient of Gradation . . .9

-Effective Sie ... 0 44 .-. r7m- -

The above ,,coeff-icients-- indicatej-a porly gridet

(uniform) sand. Under the Uni~fied Soil'Clasificatiohn

System it was classified SP.- sarinp' l gaddCe. 2IV 40). 
---
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The uniformity of the sand was one of the basic rea-

sons for its selection as the target soil. A well graded

medium would have fine particles intermixed with the larger

grains. These fine particles would tend to settle into the

voids between the large particle and cause the sand to com-

pact under vibration loads or repeated impacts.

Water Content

It was desirable to have a target medium that would

maintain a nearly constant moisture content. It was im-

possible to test the target sand for water content at each

firing, so the only way that a constant water conteht could

be assured was to use a medium that had no water content at

all.

The sand was tested for water content before and after

the penetration tests were made. Four samples from the

target were analyzed in accordance with the standard mois-

ture content test as outlined in AFM 88-51 (Ref. 2). No

traces of water were found in any of the samples and on

this basis it was concluded that the water content of the

target was negligible throughout the experiment.

Void Ratio

The packing condition of the sand grains in the target

medium was measured by a standard soil property called the

tvoid ratio. The void ratio is defined by

Vv
e = _(17)

V
S
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where V. is the volume of solid particles making up a

sample, and Vv is the difference between V. and the total

volume of the sample. Vv is normally filled by air and

water, but negligible water content had been established for

the sand and Vv became the volume of the sample that was

,occupied by air.

It was important that a relatively constant void ratio

f be maintained during the experiments. Changes in the pack-

ing condition of the target would cloud the results of

varying gravity.

The void ratio can most conveniently be determined

from the formula

GVyw
e - Ws-l (18)

G = specific gravity of solids

Yw= unit weight of water

V = total volume of soil sample

ws= dry weight of solidparticles in a sample

Five samples of the target medium were taken by pouring

the sand slowly down the sides of a pre-weighed, graduated

flask. The values of V and ws could then be determined.

Assuming a specific gravity of 2.67 and y. of unity (Ref.

24:27), a maximum void ratio (loosest packing condition)

was determined to be 0.71. This gave a unit weight of 97.5

pounds per cubic foot.
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Five other samples were taken and vibrated severely in

the graduated flask until there was no noticeable reduction

in their volumes. Values of V and ws were taken for thds

samples and a minimum void ratio (densest packing condition)

of 0.65 was determined. This gave a unit weight of 202.5',

pounds per cubic foot.

From the maximum and minimum densities it Was, seen

that the sand target would not be expected to vary in den-

sity more than 5.1% under the most extreme conditions of

vibration.
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Appendix C

Description of Equipment

The following is a detailed description of the equip-

,ment. -W§ed in the experiment. It should c larify questions

;arijsing from the discussion of Section'III.

the. lirciaft

A KC&-35A was- used for simulation of the gravity

levels required- by the experiment. The basic 6onfiguration

ws a Boeing -707 as altered by the Air Force to fIll the

duties of an aerial refueling tanker. The aircraft was

further modified by Aer6nautical Systems Division, through

61i .i an contradt, to enable it to fly controlled parabolic

:maneuvers, in which rvity simulation could be accomplished.

The, air-craft is capable of proauc~.ng- simulated gravity con-

diti~s :froi 0.00 to 2.00 g.

Alteraton basically nonsisted of mounting accelerom-

eters; and gauges in the aircraft, placing electrical

c'ontrols. 6n the automatic pilot system, and padding the

" interior 6f the fusel'ge.,

A photograph of the aircraft and a profile of a Zero-

Gravity maneuver can be found on page 102 of Ref. 22.

Plywood Enclosure

A Plywood box, 14\ft x 4 ft x 5 ft, previously used in

AFIT thesis work aboard the aircraft (Ref. 22:103) was

found and adapted to this experiment. The box had
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I previously been accepted for flight aboard the aircraft.
j i'his made acceptance of the project :somewhat easier to

obtain.

The only alteration of the box .was reposition'ing ,of

the lower window on the back side. All ,other :adaptatlon

consisted of attachments to the Interior and exterior. The

q fully -configuere' box is shown in Figures 35, 36, 3, and

38, on the following Tour pages-

Air Gun

The air gun was,'.nade ,up 'of five basic parts. 'They,

were the presnure chambe-r., the compressed :alr inlet line,

the barrel and trigger assembly, the :solenold trigger,, -and

t.he stiUtidrt. ,angles.

-e b Tohe pressure chairiber- was ide tz--

a cylindric-'l seel .seCti-on, 1/2inc thick,, 8 Anle in

,outer diameteri and - 112 inches long. :Circular stee&I

plate., 1/2-inch thick afid 7 1/2 inches, in diameter ere

welded- to thie .open ends of' the €zyinder-t, form-a-..used

*chamber..

A hole 'was bored into the cylimder 'wall, and' ws tapped

to a-cept a pressure threacded Pcmressed air inlet pie.

A circular area at -the center -of the bottom plate was

pollihed to :provide a mount for the barrel and trigger

ass emb:'y. A smooth hole, 1/2 inch :in diameter was -bored

through the plate at the center of the polished area. Six

threaded holes were tapped into the polisbed area to a
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vII

Figure 35.
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'4 SuppTarget bed'~

Fi g ure 3S.
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-~ 4vth t l~ inh. They were squally spaced about a cirl

nbnen4i wit- hal /2. h6 b, in
vssa~.Lncnadi i'dnonenbr with

7o0, .angu-;La 'tie .-OoWn flanges w~ere, tiliet-Iwel6ded to 'the
si~estot h chmberat -tb6, bottom. These ,pro6vide.aies

flb:.ar g' upp~ort *4els-
Qt~t~ch~rit~& h&: ir un, to het

.5 ompessd Ar nle Lie. h -16lt, line. uas a&-as

~4qkpi hhee1 on, thre66ae-d, at, -boph end§- with A

tpered dt. no .end-_wa'S thi~ae nota oei the side

ot ,he Pessure, chbri arid the othpr ;sas ,Pa_, e4 through a

tol cd ncoin ox;Th uer e nd, Was -fifted to

A t '4+.onnctio t hich _wdastaittach~&a U -GaugeNo

J4?1§ Vhutyof was, cbninetied. totkahi

c4th te y t iple-and a re'vduc;tipn -coupl4ng, , hoe

coPeio a ittetoitav. Ts much o:f'thp inlet

<_ _4K,; tintoought to the iAne thrpigh a 150,
~~t~&~& re~r hs £zom a regulator

' Brrel YTrgge Asei-l. The bairrel -and trigger

' AsIsembljy Ais agal & Mbrrel- and a mounting plate to

k ~chwte. attge mouninii pqosts for the trigger catch

T,' fattew % a length of 'steel tubing, 12 inches

11gn:fndh h :131Innexr&Iame t er. The mounting plate

+Wa o~a:w~~ ut in a circle to fit the polished area
-was. brs 't-I.ws
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on the bott3n of 4 -Ae pregou;'e chamii r.. JS tx. ooth ae'

were drilled through the mouihi -lt1 cn~Irec

A ~threaded hole in the botL-tom- of thie cabx' A mth'ol

was drilled through the center' of the moU:Lting plate, &h

centric with the 1'ia ch hole i.-the chamlb,,e but-_lar,'e: In,

diameter by-twice thle wall, t 1ckness of the b~4 aTh

barrel woe fittod into this hole In, tl-e, moqun 't1ii pI At~.a
the :barrel and mounting plA' 'ee i'eddoghr por

asolid unit.:

A right-circular- depression was cixt into, the, xintntin

Pl.ate to A depth of 1/8 -inch -cn the, sitd pp ii te th bar

rel. This, formed' A seat- fov .tl'-e,-xb'ber*tsher: .pre6s su r e

seal. This, washer ti s% 1 1/ inch, in uerdaiit

~inc ininner dianleter:.

Two brasis posts,, 3 1ne 2rri- Cee~hrad
holes tappIit the -mounig 'tao ttthjwZ'

'pArailel, Ito, the, barrel aIdR4 e~ersd fit Qep~
was sleede to ezadtly 2 inhe'Prm the montn pae

To, this post, w attached a- trigg-sr -cateh- p -ae, t h4ad-

'been cut Trop 1/$ iiich steel, -sheet. The- catch. p2.ate- wags3

-inches-long and- tapeOred from a -A i/4'I inch- widtl. -,wher'e. It

was att-ached to the -:pogt to_ a 1h inh -Width -on its frzee Jend.

Both ends of the catch plate were rounded. The wider- end

was attached to the sleeved moenzirig post zo th~at the t~ate.

could swing. freely perpendicula.- tjp the barre-L.

At the point where the catch plate met the barrel, a'

chord section of the barrel was cut out so tha:t the edge of,
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"the cat~ch plate extended-into the barrel to a maximum depth

"11/ /8" ',The.free end of the catch plate extended be-

y6~d he a~e1and was connected to the other mounting post

4, l__jna, 'Thits spring he-ld the catch plate firmly in the

V a~z was .l b attached to the free end of the

da~th, but ort-th6 side opposite the spring. This was
& -,conto the belt of the solenoid trigger on

'Thi'e hole s, we r dffe into- the barrel, 1 inch above

te ,iule bThe, h ies *erg eqJIly spaced around a circum-

ei e s asca es vehn for the air blast which

foirwed Pf~t fle -onthe barrel. Their purpose was

to -d' s doWnwai-d rush of;-,air so that it would not

4.e "oJ""tJ. i t he sand- bed.4 >. *?s) ::: was fastened to the

t mountii-,,Oie.Xq3 on tefollowing page.)

~S1ni~z i A ol Csoeoi a used to

poIde, aon pul the air

gunhd qlenidwa mounted on the outside ofI the, -enco9n 2bx. The-force with which it pulled a ferrous

o6b j e-t intor was transferred by the Ianyar4 to the

triggeii, dCthpae fire the gun.

washer There washerr wa lcdoefrom the end of the catch plate was

cas irn ippe, ndwas held in place by a cap. The
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i! : TOP VIEW

I/ 1.5Nx 15 °25# Support
Angles (2)

I Trigger Catch Plate

- - Tie Down Flanges (4

FRONT VIEW ZPressure Chamber

a5 ,-- Rubber Washer (.12501.D)

I f i l l

91 >'wire Lanyard to
IpiSolenoid

,-Barrel (.5" I.D. STEEL)

12"

Blast Suppressive Holes (3)

Figure 39. Compressed-air gun.
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nipple was passed through a hole in the side of the en-

closing box, on the side opposite the entrance of the com-

pressed air inlet pipe. On the outside of the box, the

protruding nipple was threaded into a union. The outer

diameter of the union prevented the nipple from passing

back through the hole in the box.

A hole was drilled through the short axis of a block

of wood, 2 x 2 and 4 inches long. This hole was slipped

over the union on the outside of the box. The block was

then fastened to the box with wood screws so that the holes

in the wood block and the box were concentric.

Another nipple was threaded into the open end of the

union. The solenoid was then placed over the nipple and

attached flush to the wood block with screws. The union

was then trapped within the wood block and had about 1 inch

'Of laterai freidom along the axis of the lanyard. (See

Figure 40 on the following page.)

The electrical circuit of the solenoid consisted of a

24 volt DC power source and a normally open switch. During

the ground tests in which high-speed photography was not

used, a microswitch, spring-loaded to open circuit, was

manually closed to fire the gun. When photography was used

the electrical timing circuitry closed a relay after the

proper delay, and this fired the gun.

The wire lanyard was adjusted so that it was tight

enough to dislodge the trigger catch plate when the belt

was pulled into the solenoid,. but loose enough so that the
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spring could return th2 plate to the notch in the barrel.

ITh- .proper tension was found by trial and error.

Support Angles. TwIn support angles were constructed

from see -angle st.ock. They were 4 feet long overall,

including steel plateb wlded to each end. Two holes were

£d led ln,_the horizontal legs of each angle. They were

ho, c¢!hcide wl-th -the holes in the tie-down

Ls Of he" .presIure chamber when the barrel was directly
[ -i, he :i- center of th4e .sand target. When -bolted to the

side ;sOfthe enclosing box, these angles formed a solid

7,01,platf6rm for the air gun. The angles were placed in the en-

1osing box at a height which provided about 2 feet of free

.f-lof ,the.proJectile from the muzzle of the gun to the

surrace of the. :,a.nd bed. .(See Firgue 8:, page 95.)

'Operation. To oPerate the air-gun, a projectile was

- -chaibd into the barrel The back end of the projectile

waStheld fIrmly against the rubber-washer pressure seal by

thetrigger catch plate. The catch plate passed through

t'he, bord section cut from the barrel -and engaged a notch

in- the projectile. This completed the pressure seal of the

c hamber.

jThe shut-off valve was then opened and pressure was
allowed to build up to the desired level in the chamber.

The.pressure level in the chamber was read on the gauge in

the inlet line. At the desired level, the shut-off valve

was closed. The gun was fired- by either manually or elec-

trically closing the switch in the solenoid trigger circuit.
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'The magnetic field created in the core of the solenoid -

pulled back the iron nipple. This ihot'nl, was transter:ed .

along the lanyard to the ,catch plate which was pulled ' from

the notch in the projectile. The pressure seal was brke -

and the -ompressed air in the chamber expanded down thik

barrel, pushing the projectile before it.

The pressure chamber was sealed with a special closed"

plate i.n place of the barrel and trigger assembly and bydo

statically tested to a pressure of 800 pounds per square

inch prior to the first ground tests,. Chamber pressure#-.

velocity curves for the air gun were determined'in the pL%-

liminary ground tests and .are shown inFigur.e 1l on the

following page. The maximum velocity-which the air gunp ca n -

produce with the available projectiles is ,not known-.

Projectiles

The projectiles were made from either aluminum ba-

stock or aluminum tubing. The projectiles made from either

material were identical except for their weights. Replace@

able points were made, one flat and the other hemispberica'.

Both projectiles had a circumferential notch, 1/8, -nc'h,

square, cut into their sides, exactly 2 inches from the

back end. This notch was engaged by the trigger catch

plate when the projectiles were loQdea.

The main body of each projectile was a cylinder, 1/2

inch in diameter and 12 inches long. The loading end of

each was tapped to accept the threaded replaceable points.
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With eitber point on the projectile, the overall Zength

ebecame 13 inches. Figure .42 'on the following ,page Is -a

detailed photograph of the light weight projectile.

Veloc!Ity Measurement Systems

There were two methods of measuring Impact -eo hty

used in the experiment.. One .method made use of the sensi-

tivity of a photo diode to changes in light intenslitq 'The

r other used a double-exposure., high-speed photography tecb-

nique.

Photo Diode Method. This ,metbod provided a means of

measuring the tLme that a projectile of 'known -length shaded

a photo diode from 'a light source.

The photo 'dicde was positioned .near the path of the

falling projecttile and -at a distance ,above the 'surface of

the sand bed that equaled the length of the projectile.

The time measured In this way was the time It took the pro-

Jectile to cover the last 13 inches before Impact. The ve-

locitles which resulted were averages over thi distance.

Negligible acceleration was assumed to convert them to
impact velocities. Figure 43 on page 107 is a schematic of
the system and Figure 44 on page 108 shows an example of.

the polaroid pictures taken by the oscilloscope camera of

the response of the diode.

High-Speed Photography. This method made use of a

pre-exposed grid in the plane of the path of the projec-

tile. The grid was photographed on each frame of each 100
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rA

Back leaves light beam

Tip enters light beam

Figure 44 Somple oscilloscope
trace.
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foot roll of film at the same distance from the lens of

0 ~ the camera as the projectile was to be during the test.

The grid gave a true distance scale in each frame. The

film speed was marked with a millisecond timing pip to

provide a time base.

I i The camera was a Fairchild Motion Analysis Camera$

Model HS 101. It used 16 millimeter roll film and was run

at 3200 frames per second. The lens was Elgert, 1.3 mm,

f:i.5, wide angle.

The camera was mounted on a fixed platfoom attached to

the outside of the enclosing box. It photographed the pen-

etrations through a glass window. (See Figure 37, page 94.)

Fcur lights were mounted on the inside of the box to

illuminate the penetration events.

The electrical circuitry required to correctly time

the steps in the firing cycle was designed by Mr. Jack

Warwick of the Technology Photography Division of ASD.

Precise timing was necessary because the high-speed camera

exposed a 100 foot ro.. of film in about 2.5 seconds. The

cycle was started by closing one switch. The lights in the

box came on immediately and were followed in 2.25 seconds

by the camera. Exactly 1.3 seconds after the camera had

started, voltage was applied to the solenoid and the gun

was fired. The entire system shut down automatically when

the roll of film had been used up.

Details of the camera, lighting, and exposure were

handled by Mr. Merl Worland, also of the Technical Photo-
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graphy Division. During the four flights, the camera was

cared for by SSgt Dominic Miglionico and TSgt George

Alvarado on different occasions. Both men were assigned to

the Directorate of Flight Test, ASD, Wright-Patterson AIB,

Ohio.

The wiring diagram of Mr. Warwick's circuitry is shown

in Figure 45 on the following page.
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Appendix D

Measurements and Sources of Error

Two types of measurements and calculations were re-

quired in this work. They were related to determination of

impact velocity and maximum penetration.

Determination of Impact Velocity

Both methods of calculating impact velocity, photo di-

ode and high-speed photography, were based on an assumption

that the projectile was not accelerating during its flight

from the gun to the sand. The assumption was better in the

high-speed photography method because smaller increments of

time were considered.

Photo Diode Method. An average velocity was determined

for the projectile in its last 33 centimeters of flight

before impact. The length of the projectile was known to be

33 centimeters, so the increment of distance used in the

calculation is without error.

The sweep rate of the oscilloscope which recorded the

response of the photo diode was 5 msec/cm and was given as

accurate to plus or minus 3% by the manufacturer. The

reading error involved estimation of the point on the photo-

graph at which the trace began to return to base voltage.

Estimation was required because the diode had a finite re-

action time which was evident in the photographs. Based on

the width of the trace, the accuracy of reading its length

at raised voltage was plus or minus 0.1 centimeter.
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The time increment was calculated by multiplying the

length of the trace at raised voltage by the sweep-rate of

the oscilloscope. For a length of 5.4 + 0.1 cm and a sweep-
rate of 5.0 ± 0.15 msec/cm, the calculated increment of time

would be 27.0 msec with a high of 28.4 msec and a low of

25.8 msec.

The resulting velocities would be the 33 cm distance

increment divided by the different time increments, or 1220

[ cm/sec with a possible high of 1280 and low of 1160 cm/sec.

F The assumptions of an ideal point source of light and a

point face on the diode were not realized. These factors

would increase the error involved, but to such a small de-

gree that they are negligible next to the assumption of

zero acceleration. Accepting this assumption, it would

probably be conservative to state that this method of meas-

tiring impact velocities was accurate to ± 75 cm/sec.

High-Speed Photography Method. The pre-exposed grid

used to determine projectile position was photographed so

that parallax errors werc avoided. The grid was constructed

to an accuracy of ± 0.1 cm. This was checked by measuring

the last 5.1 cm known length of the projectile at different

depths in the grid. The reading accliracy of a given posi-

tion of the projectile was determined to be ± 0.2 cm. This

was done by having three different persons read the same

film and record their results without prior knowledge of

the results of the others.

The films were read by displaying them on the screen of
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an Eastman Recordak viewer. At the highest magnification,

about three frames at a time were displayed on the screen.

A cardboard strip was marked and rumbered so that it could

be laid on the screen of the viewer and used as a ruler to

aid In counting the number of lines from the top of the

grid to the reference point on the projectile as it appeared

in the frame. The position was estimated to the nearest

tenth of a centimeter since the lines of the grid were 0.5

cm apart.

The velocity increment was determined by counting the

number of frames between the millisecond timing-pips on the

edge of the film. This could be done only to the nearest

tenth of a frame. The result was a number of frames per

millisecond which could be directly inverted to obtain

milliseconds per frame. The average film speed of this

experiment was 3200 frames per second accurate to ± 100

frames per second. The time increment per frame was thare-

fore 0.31 msec/frame with an accuracy of ± 0.01 msec/frame.

Impact velocity was determined by reading the last five

frames before impact. The time increment was about 1.65

msec and a typical distance increment over the five frames

was 2.1 ± 0.2 cm. The resulting average velocities over

this increment were 1270 cm/sec with a possible high of

1390 and low of 1150 cm/sec. At this range of velocities,

the possible error was, therefore, 8.7%.
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Determination of Maximum Penetration

Visual Method. A sca'.e, graduated in millimeters, was

used to measure the complement of penetration. Readings

with it were accurate to ± 0.05 em.

Determination of the height of the initial sand surface

above the floor of the crater was done by lay:.ng the alumi-

num plate at the base of the projectile as it stuck up from

the sand. The top of this plate then defined a horizontal

reference plane, 0.6 cm above the initial sand surface.

Irregularities beneath the plate were slight but could have

caused its position to vary ± 0.1 cm.

Some projectiles were observed to be ti~ted from verti-

cal after a complete penetration. The amount of tilt was

never observed to be more than about two degrees. The

scale measured only vertical distances above the plate but

the error involved at thiA small amount of tilt was less

than the accuracy of the scale.

Hih-Speed Photography Method. The errors in determin-

ing maximum penetration from the high-speed film were bas-

ically due to limits of the grid and reading capability.

Another factor was the difficulty in determining the exact

position of the projectile in the grid at impact. In some

of the films, the bottom of each frame was poorly lighted.

The only way to locate the frame of impact was to note in

a good roll of film the position of the back of the pro-

jectile relative to a fixed point in the camera field when

impact occurred. The grid in these cases was used only to
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measure the vertical distance between the back of the pro-

Jectile and the reference point.

When the frame of impact could be seen at the front of

the projectile, the possible error was plus or minus one

frame. This meant a position error of one-half the average

Ldistance traveled by the projectile at its impact velocity.

At an impact velocity of 1300 cm/sec the error was ± 0.2 cm.

The overall error in penetration measurement was

t 0.4 cm.

Other Sources of Error

The following additional sources of error were noted:

1. Fluctuations in the atmospheric pressure aboard the

aircraft were a possible source of error in light of

the significant changes noticed from the laboratory to

an elevation of 5000 feet in the aircraft. The magni-

tude of the error involved is not known.

2. Possible fluctuations in gravity level during the

level flight tests would also affect maximum penetra-

tion. The magnitude of the fluctuations-is unknown.

3. Variations in the void ratio of the target sand

would have caused variations in the penetrations. The

maximum expected change in void ratio was 5.1%, but the

corresponding change this would cause ir other soil

properties cannot be determined and might be signifi-

cant.
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Appendix E

Derivation of a Semi-Analytical Equation

To show in depth the method used to develop semi-

analytical equations, a derivation of Moore's equation

(Eq. (7)) is presented in this section along with the

derivation of an equation based on another form of the soil

resistance force. The second equation includes Moore's

suggested dependence on confining pressure, and adds the

L. fluid dynamic drag consideration of a buoyant force depen-

rdent on the square of velocity. It also includes a possible

dependence on ambient pressure.

Moore's Derivation

Assumptions. The basic assumptions of Moore's deriva-

tion are the following:

1. The target soil is a homogeneous mass and has no

cohesion.

2. The energy available for penetration is the kinetic

enerby of the projectile at impact.

3. The soil resistance force is proportional to the

confining pressure on the soil target, and acts oppo-

site the motion of the projectile on the line of pene-

tration.

4. The soil resistance force is independent of

velocity,

5. The projectile is a cylinder with constant cross-

section.
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Method. Moore determines the work required to pene-

trate the soil to a depth, Pm, by integrating his assumed

soil reAstance force over the depth. He equates the re-

sult to the kinetic energy of the projectile at impact.

The soil resistance force assumed by Mooe i

F = KpgzAo  (19)

where g = gravitational acceleration

p = soil density

Ao= cross sectional area

z = depth into the soil

K = a constant

The work required to overcome this resistance to a

depth, P', is

'Pm KpgAoP'
KpgAofz dz - • (20)

02

The kinetic energy of the projectile at impact is

ppAoL Vo 2
p 0 0 (21)

where pp = projectile mass density

L = projectile length

VO - impact velocity

Equating expressions (20) and (21), the following
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solution for Pm is obtained

+

P m KI

where K' = (K)-2

An identical solution is obtained if one begins with

Newton's equation of motion, Eq. (1), and neglects the

weight of the projectile.

The differential equation then to be solved is

KpgzA= MV (22)

where M is the mass of the projectile and the mass of soil

moving with the projectile has been neglected.

Separation of variables gives an equation which can be

integrated over the known limits of the event. The condi-

tions which supply these limits are:

1. The event begins at z = 0, at which point V = V0 .

2. The event ends at z = Pm, at'which point V 0.

The resulting integral equation is

I~Pm Mvo

KpgAo z dz = (23)

0 0

from which the equation

KpgAoP2 MV 2  (24)

0 m 0

results.
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The quadratic formula can then be used to solve for Pm

with the condition that Pm must be positive. The result is

m

P =IW V0  (25)
kpgAol

which is identical to Eq. (7), if PpAOL is substituted for M.

Non-Constant Cross-Sectional Area. The head of a pro-

jectile is normally not flat. The results of this thesis,

compared with the nose-performance coefficients empirically

determined by Young, indicate that the coefficients are riot

constants for a given shape, but vary at least with projec-

tile body diameter. The variation of cross-sectional area

over the nose of a projectile can be included in the semi-

t nalytical approach to a solution if the following assump-

tions nre included:

1. The ..:41 resistance force acts vertically against

the frontal area presented by the projectile.

2. The variation of frontal area with depth is a

function that can be determined and is integrable over

the depth of penetration.

An example of this situation would be a cylindrical

projectile with a hemispherical nose. The variation of

Ifrontal area with depth is then

w (2RZ-Z2) 0 <Z<_R
A(z) = (26)

A R<z<Pm

0 m
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where R is the radius of the hemispherical nose and the

body of the projectile.

Including this in a semi-analytical solution based on

Moozl's t,>,r" of the 'oil resistance force, the equations

to be solved become

KpgTr(2Rz - z)z d
dz (27)

KpgAoz = vdV

Integrating these equations over the proper limits and

adding the results to get total penetration, the expression

to be solved for P. is

KgA2Pj = NV 2 + Kpg(A°R2 - 4 7R  + ItR 4 (28)

The solution for Pm is then

P= [MV + Kpg(AoR2_ .  + PA (29)

Qualitatively, this equation shows that nose-shape can

affect maxlmum penetration, and that the effect of nose-

shape decre e with the radius of the projectile

A Proposed Form of the Soil Resistance Force

* Based on the terrestrial accuracy of Moore's equation

* (Ref. 19) and on the dependence of certain soil properties

Son confining pressure, it is reasonable that the soil
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resistance force be assu;ficd a function of this variable.

Consi.,-rations of fluid dynamic drag (Ref. 7), indicate that

there will be a buoyant force proportional to velocity

squared and a force proportional to velocity acting on a

projectile traveling in a homogeneous medium. If all of

these terms are gathered into a form of the soil resistance

force, the resulting expression uill be

F = Kpgz + KIV + K2V2  (30)

where K, K1, and K2 are constants.

Substituting this expression into Newton's equation of

motion results in the formation of a non-linear differential

equation which does not readily lend itself to a closed form

solution, If, however, the term proportional to the first

power of velocity is neglected, a solution can be determined.

Ambient pressure can also be considered by reasoning

that it makes up part of the confining pressure. That is,

the pressure on an element of soil at a depth, Z, below the

surface of a sand bed is equal to. the ambient pressure at

the surface plus the confining pressure due to the over-

burden of sand.

Uith these assumptions made, the 5oil resistance force

takes the form

F = K(PA +pgz) + K2V 2  (31)
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" where PA is ambient pressure.

Substituting this force into Newton's equation and

neglecting the weight of the projectile, a non-linear

differential equation is generated which can be rearranged

into the form

dV K (K(PA + pgz) (32)
Sdz + M (3)

This is a form of Bernoulli's equation (Ref. 12:11)

which has the general form

dVdz + f(z)V = V1 g(z) (33)

This has a closed form solution if f and g are con-

tinuous functions of z only, and p is not equal to 0 ,or 1,.

Eq. ('32) can be seen to fit 'hese conditios with

f(z)= K2 g(z) = K(PA + pgz)
M M

ii =.-1

From the general solution to the Bernoulli equation,,

the solution to Eq. (32) is

12
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"zz

V 2_ F-r2 ]2K~ 71 FP 2 1l? zV2  B exp + 2 exp A exp K z
L M J L-- I L# 7 J

z (34)
F2K 2zlzexp dz

which reduces to

V2 = BexpF2K2z K(PA pgz) KpgMBex A + -o(35)

L j K2  _f R

-where B is an arbitrary constant. The constant can 'be

evaluated by applying the condition-that V =V o at z = 0.

P can be determined by applying the condition that

z equals Pm at V equals 0. The resulting expression is

K(6)
2+ __ -KgMI x An K(PA PgI + KpgM

L 2 
2  2

The constants, K .and K2  must still be determined and

the equation is difficult, to handle.. -It may not be worth

-the eff ort involved in solving for values of Pm' since the

solution requires a computer., On the other hand, it is not

impossible that the constants might be definable in terms

of the soil properties.

Inclusion of the term .nthe soil resistance force

which is based on linear velocity dependence, should improve

the accuracy of the solution, especially in the range of'
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velocities that occur after the projectile has nearly .ome

to a stop.

It is possible to differentiate -Eq. (35) .wi th xrespeo tc

to time and determine a possible :functional 'form of !prpJec-

tile acceleration. The resulting expression has -the !fArm

ap+ 2  2 5 rx

It can ,be se-en,, gualitatve.ly., that, at :imp at., h

magnitude of decelerat.ion is ,proprtional -tp ,the qgravM ty

field. The .exprossi-on the.n decays :mono.Qnica,._ly .wit:h dep.th

into -the sand,., and .does not agr.& e iwi-th the Pbsperyed dep-el-

,eration traces -t.hat :havre ,been found -in ths -and oothe r e.x-

4periments. The inclus-ion of ,the 1l-inear ,veloccjty terI m tmight

change -the for. of this expressiin s!ignif icant.y.. A gr.e.a t

deal of experImental -veri-filcation -is .necessary Pbefore tl~s

expression can be used w.i. .h any Adegr.ee of cqnf-idence,., .and

a closed form of a solu.tion shouid -be .sought -with a ,sqil

resistance force as defined in Eq.. (-3-0),.
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Appendix F

Computer Program For Plot Production

The program presented on the-following pages uses 'the

,cApabillity of-'the IBM 70941 computer and its support equ-ip-

:mont 'to :pr.duce continuous plots of least squares -poly-

noniialts gener.ated to .fit -the data -read -from high-'speed

'The ppgra -alstwo .smubkroutines, PLSQ 'for the 1lea-t

,sguaxres 'f,;Lt and GRAPHM 'to place instructions -.,or 'thle :plot-

ter Qylto ~a -tap. P~LS_ is in 'the library of -the computer

oequi'pment. GRAPHM was wrij;t qn by Capt.. Ron Prater,, a

.studeant ,in-'the AFIT dqct,ora:1 -program.

'The -main ipr gram .which ,f~o low~s is ijri'tten in 'the

'?Fprtran TIV 'lanlguage.- It .wil.l accept daltA in "thre-e d'iffer-

Ant :fprmat.,.. two -of which :require :,bpOth X -and I _cQox'din0.es

'off -,j ,data and ,Qne ,which -requires orray "Y -Coordinates andI :tnrially ,emputes ,quailay spaced -X TQrd.nte, he

,pr~qgr.am. p-btains the .opefficients -ff 'the lbes-t ileast -squares

wpolnQpiai of a, des.1reA order .and ,uses Ithem to compute

vam.ues of -,the :pOA-ynomiail .oxer a .raqge of 'the 1ndep~endent

xvarial. 'II esired, -the program 'will obtain -the best

o.east squares 'p.odlynorniaX and .dpule-d,.Lfferentiate -it before

geittirng the -xwalues 'f-or A plot.

'Whe'foliowing-pages contain-'the enlyire 'main program.

-. RAP~24 can Jbe obtained either from Capt.. Prater or Major

S,. Johnson of the Mechanics Department,, Air Force Institute
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of Technology, Wright-Pattereon AFB, Ohio.
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Appendix G

Attempted Use of a Simulated Lunar Soil

A sample of the simulated lunar soil (Ref. 16), pro-

cessed by the University of California at Berkeley, was

obtained in the later stages of the experiment. There was

Vt no chance to do penetration tests aboard the aircraft, but

some shots were fired into it on the ground.

The crushed basalt had a large percentage 6f fine

o£ particles which created a large dust cloud each time the

gun was fired. The material was found to compact under

repeated impact. The penetrations showed a lack of con-

sistency which was probably due to the compaction.

One obvious difference between the Ottawa Sand and

this material was that no crater was formed when the pro-

Jectile penetrated. The material surrounding the projec-

tile was not in contact with it at the surface (see Figure

46 on the following page) and thewalls of the hole j i the

target seemed to spread with depth.

The following recommendations are made concerning

further use of this material in penetration tests:

1. The air gun must either be moved farther above

the surface of the target or the means of propulsion

for the projectile must be changed.

2. A great deal of work must be done to determine a

way in which the void ratio of the target can be con-

trolled during penetrations.

132



GSFIMC169-6

it;;

Figure 46. Penetration in crushed
basalt.
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3. The water content of the medium must be checked as

often as is found necessary to insure that it has not

!i changed significantly over the time of the experiment.

A 134

oI



GSFIMCI69-6

Vit~a

Anthony Paul Pyrz was born opA 15 may 1943 in Champaign,

Illinois, the son of Anthony ,C, and 'Ursula A. Pyrz, -He

graduated from Argo Community High School, Argo, Iji-inols

in June 1961. In July of that year he entered the jUnit.d

States Military Academy at West Point, New York. J.e

graduated in June of 1965 and was commissioned in the Air

Force. Before coming to the Air Force Institute of

Technology, he served with the 6Dth Civil Engineering

Squadron at Travis AFB, California.

Permanent Address: 6057 'S. '76th Avenue

Argo, illinois

This thesis was typed by Mrs, Nancy IHeatherly

l

135



DOCU;,I.,NT CONTROL DATA • R D
" : ~ ... ,. *. : . .. ,,., .4 *1"If . , ... . t. *t,,* ..,I*. ,,/ '.h, .v.i,,u/,n n.i.1 I,.~ *:t.n'd whr,,P t i n,* , ,i#t I .llo)

0 . . .t% A' IN 4?0 i 1V * :3lt~tlt) : 
It  T 
* WI .CUItITY .A 1II- AIOt-

;Air Force Institute of Technology nncLassfied
"School of Engi,,,eering (AFIT/SE) ,, ..

'.Wright. Patterson AFB, Ohio 45433- . .-.
• i" "4i.',06)4T 1rT .LC

,GRA'VITY EFFECTS ON LOW VELOCITY PENETRA".ION OF A PROJECTILE
jINTO A COHESIONLESS MEDIUM

I. )

]Anthony P. Pyrz
Captain USAF -.. .. Of REFS

^,0a04ONDhC 70. TOT^P

-June 196 135 -30
F. '. of AC ONN 011.OR 0RANT NO0. ea. ORIGINATOR'S ACPORTNHUUSCNISI

. NROJET 4. I'SF/MC/o9-6

Ja b. 0 at 4E~ *4POR1TNOIS) (A1W Othf nlmfdial A~~ 0 * s8Ijn"

4 1 VITAITIO S"AT14CO"This doc-ument is s.ubJect -to special ,export controls and
each transmittal to foreign governments .or foreign nationals may be 'made
'only ,with prior approval of the De5n of 'Engineering, .Air ,Force Institute
:of 'Tedhnology AFIT-SE), Wright "Patterson Air Foice Base. Ohio .1451433.

i~~~~~~~oTP"SgH Tehhlp (FTS) rij ~~ NLARV' ACTI.VIlY

&aI. &*&TRACT

>-The effects of gravity on the low .velocity penetration of a pro-
Ijectile into Ottawa Sand are investigated in this study.. A cylindrical
i:aluminum projectile weighing 64...l gm is fired at velocities in -the range
800-1500 cm/sec into a bed of Ottawa Sand .at gravity levels of 0..7,
0.38, 1.00O,and .2.00 g. Maximum penetrations are compared at these levels"
An inverse relationship is found between maximum penetration and gravity..

A Terrestrial soil penetration equations are discussed and compared
with the data from the experiment. A method to transform a terrestrial

,equation into an equation valid .at gravity levels in the range of the
experiment is suggested.

Deceleration traces are produced by computer from penetration-time
data that is fit with a least-squares polynomial and mathematically
differentiated. Double-peaked curves result at all gravity levels...

- Recommendations are .made for further work in the area.

1

DD it'o..1473 Unclassified

becu.tity classiicaioA

r



Fenetxaton~*
tE So'!

Gravisty4

:1 Deceleration -

AI .1

5II -

s'Itt 124,iicdo


